1 To whom correspondence should be addressed 11 xylanases contain mainly β-sheets (Katsube et al., 1990; Campbell et al., 1993; Törönen et al., 1994 ; Törönen and Site-directed mutagenesis of asparagine-127 (N127) of Rouvinen, 1995) , those of family 10 xylanases form a (α/β) 8 xylanase A (XlnA) from Streptomyces lividans, belonging barrel (Derewenda et al., 1994; Harris et al., 1994 ; White to family 10 and superfamily 4/7 of glycosyl hydrolases, et al., 1994; Dominguez et al., 1995) . The elucidation of was chosen to study the role of this conserved residue. The the three-dimensional structures of glycosyl hydrolases is isosteric mutation N127D introduced did not affect the fold progressing very fast and this new information has made of XlnA as revealed by circular dichroism. Comparison of possible the identification of superfamilies among glycosyl the kinetic constants of N127D and wild-type XlnA revealed hydrolases. Recently, the superfamily 4/7, which regroups a 70-fold decrease in the specificity constant (k cat /K M ) nine distinct families including family 10 of xylanases, was towards birchwood xylan, which is attributed solely to the suggested Jenkins et al., 1995) . This difference in the k cat value and indicates a role of N127 in classification is based on the comparison of the structures of stabilization of the catalytic intermediate. N127 also plays these proteins, their mechanism of catalysis, the location of a role in maintaining the ionization states of the two the catalytic amino acids and the hydrophobicity pattern of catalytic residues, as shown by the modified pH profile of the sequences surrounding the two catalytic residues. In the XlnA-N127D. Characterization of XlnA-N127D and the superfamily 4/7, the two catalytic residues are located at the analysis of the three-dimensional structure of XlnA concarboxy-terminal end of β-strand 4 and 7. Moreover, the verge toward a stabilization role for N127 in the catalytic sequence Asn-Glu, where Glu acts as the acid/base catalyst site of XlnA.
of the enzyme, is always found at the end of strand 4 Keywords: alpha-beta barrel/family 10 hydrolase/glycanase/ (Dominguez et al., 1995; Jenkins et al., 1995) . structure-function/xylanase Identification of amino acids involved in catalysis was first based on chemical modification of specific side-chain residues (Keskar et al., 1989 (Keskar et al., , 1992 Bray and Clarke, 1990 , 1994 , Introduction 1995 Tull et al., 1991) . A more specific method, site-directed Xylanases (1,4-β-D-xylan xylanohydrolase, EC 3.2.1.8) are mutagenesis in concert with comparison of the amino acid glycosyl hydrolases that cleave the main chain of xylan, a sequence, is now widely used to identify the role and imporheteropolymer of β-1,4-linked xylose residues. These enzymes tance of conserved residues, which are then confirmed by are produced by various microorganisms found in natural studying the biochemical characteristics of the resulting mutant environments such as soil and in the rumen. Xylanases have protein. This technique has led to the unambiguous identificabeen grouped in two families numbered 10 and 11 according tion of catalytic residues of xylanases (MacLeod et al., 1994 ; to the amino acid sequence homologies of their catalytic Moreau et al., 1994a) and other amino acids of importance domain (Henrissat and Bairock, 1993) . Streptomyces lividans, a for the activity of xylanases (Moreau et al., 1994b,c) . Structure Gram-positive actinomycete, secretes three different xylanases.
comparison of glycosyl hydrolases has allowed the localization Xylanase A (XlnA) is a member of family 10, whereas of structurally conserved amino acids and identification of xylanases B and C (XlnB and XlnC) belong to family 11 their role in the enzyme (hydrogen bonding, stabilization, (Shareck et al., 1991) . Both families use the same mechanism substrate binding, etc.). Asn127 of XlnA from S.lividans is for the hydrolysis of the xylosidic bond, but have different conserved among xylanases of family 10, as well as in the specificities and mode of action toward various substrates glycosyl hydrolases of superfamily 4/7, and its role has not (Gebler et al., 1992; Biely et al., 1993 Biely et al., , 1996 . yet been investigated. In this work, site-directed mutagenesis Hydrolysis occurs as a double displacement reaction that was used to show the importance of this Asn residue for retains the configuration of the anomeric carbon (Sinnott, catalysis by XlnA. 1990 ). This mechanism involves two catalytic residues: one functions as general acid and general base, while the other Materials and methods acts as a nucleophile (McCarter and Withers, 1994) . In the Site-directed mutagenesis first step (glycosylation step), a proton is transferred from the acid/base catalyst to the glycosidic oxygen while the glycosidic Site-directed mutagenesis of the xlnA gene was performed according to Kunkel (1985) on phagemid pIAF217 (Moreau linkage is cleaved. The oxocarbonium intermediate is stabilized by a covalent link with the nucleophile forming a glycosylet al., 1994a) . The 15-mer oligonucleotide 5Ј-GGCCTC-GTCCACGAC-3Ј for mutagenesis of XlnA-N127D (underlinenzyme intermediate. In the second step, the acid/base catalyst extracts a proton from a water molecule while the water ing indicates the substituted nucleotide) was synthesized using a Gene Assembler (Pharmacia). Screening and subcloning into tions for the determination of k cat app. A pH range from 4.1 to plasmid pIAF18 of the mutated gene were carried out as 10.5 was covered using 50 mM sodium phosphate buffer. For described previously (Moreau et al., 1994a) .
the pK a evaluation, p-hydroxybenzoic acid hydrazide was used to detect the reducing sugars procuced with time according to Enzyme production and purification the method of Lever (1972). XlnA production was carried out as described previously (Bertrand et al., 1989) . The enzyme was obtained from the Results and discussion supernatant of S.lividans by precipitation with 2.5 volumes Streptomyces lividans XlnA belongs to family 10 of glycosyl of 95% ethanol at 4°C. The precipitate was recovered by hydrolases, one of the nine different families included in the centrifugation, dried with acetone, solubilized in 20 mM Trissuperfamily 4/7 Jenkins et al., 1995) . HCl buffer, pH 8.5, and centrifuged to eliminate insoluble Only three residues were found to be invariant among the residues. The protein solution was dialyzed extensively against proteins in the superfamily 4/7, the two catalytic glutamic the same buffer at 4°C in SpectraPor (Spectrum) dialysis acids and an asparagine residue which always preceeds the membrane of molecular weight cut-off 6-8 kDa and filtered acid/base catalyst. While the importance of the two catalytic through a 0.45 µm membrane prior to loading on an AP2 residues is obvious, very little has been done to elucidate the DEAE 15 HR column (100ϫ20 mm i.d.; Waters). Proteins role of this potentially important asparagine residue (Navas were eluted using a linear concentration gradient of NaCl in and Béguin, 1992). Site-directed mutagenesis was used to 20 mM Tris-HCl, pH 8.5. Desired fractions were pooled and replace Asn127 of XlnA from S.lividans by its isosteric form, dialyzed extensively against Milli-Q water and lyophilized. aspartic acid. The mutation was verified by oligonucleotide The powder was then solubilized in 100 mM sodium phosphate hybridization and sequencing. The wild-type xlnA of the high buffer, pH 7.0, at a concentration of 16 mg/ml and filtered copy number vector pIAF18 was replaced by the mutated xlnA through a 0.45 µm membrane. Final purification was obtained gene and expressed in the xylanase-negative mutant S.lividans by injecting 4 mg of protein on to two serial SW300 HPLC IAF10-164 (Mondou et al., 1986) . The fully secreted enzyme columns (300ϫ7.8 mm i.d.; Waters) and eluting with 100 mM was purified and showed the typical mobility on SDS-PAGE sodium phosphate buffer, pH 7.0, at a flow rate of 0.5 ml/ and reacted with anti-XlnA antibodies in Western blot analysis min. Purified xylanase was dialyzed against Milli-Q water, (data not shown). Comparison of the mutant XlnA-N127D lyophilized and stored at -70°C.
with the wild-type XlnA by circular dichroism measurements Protein analysis in the far-and near-UV regions did not reveal any significant Protein concentration was determined according to Lowry difference, indicating that the isosteric mutation did not modify et al. (1951) using bovine serum albumin as standard (Biothe fold of the enzyme (Figure 1 ). However, this mutation Rad). The protein purity was assessed by SDS-PAGE modified the isoelectric point of the protein from 5.1 to 5.5 (Laemmli, 1970) and Western blot analysis, which was carried (Figure 2) . In both cases, some minor secondary bands were out using anti-XlnA antibodies coupled to [ 125 I]protein A observed by isoelectric focusing. However, these bands were (Amersham, Oakville, ON) as described previously (Towbin identified 
as isoforms of both enzymes by Western blot analysis et al., 1979). Analytical isoelectric focusing was carried out (data not shown). on PhastGel containing Pharmalyte carrier ampholytes from
The Michaelis-Menten constants of XlnA-N127D were pH 3 to 10 using the PhastSystem. The gels were silver stained determined using the non-linear regression software EnzFitter after the run (Separation and Development Technique Files (Leatherbarrow, 1987) ; K M and k cat were 3.7 mg/ml and 5.2 Nos 100 and 210; Pharmacia-LKB Biotechnology, Uppsala, s -1 , respectively, compared with 3.8 mg/ml and 404 s -1 , Sweden).
respectively, for the wild-type XlnA. The specific activity of Circular dichroism the XlnA-N127D was 7.7 IU/mg of enzyme, which represents Solutions of 500 µg/ml of protein in 10 mM sodium phosphate 1.7% of the value for XlnA (Table I ). The specificity constant buffer, pH 6.0, were analyzed at room temperature using a of the enzymes towards birchwood xylan, represented by the 0.05 cm jacketed cell on a Jasco J-710 spectropolarimeter values of k cat /K M , showed a 70-fold decrease for XlnA-N127D. interfaced with an IBM computer. Data were averaged from This important decrease could be attributed entirely to the 10 acquisitions between 250 and 184 nm at a scan rate of 100 difference in k cat , indicating that XlnA-N127D can accommodnm/min. Samples for tertiary structure changes were analyzed ate the ground-state form of the substrate as well as the wildin a 1 cm cell between 350 and 240 nm under the same type, but cannot stabilize the catalytic intermediate, therefore conditions. perturbing the hydrolysis.
Specific activity and kinetic parameter measurements
Studies of XynA-E246C of Pseudomonas fluorescens subsp. The specific activity was determined by incubating the enzyme cellulosa complexed to xylopentaose have shown that N126, with 4.5 mg/ml birchwood xylan (Sigma) in 50 mM sodium the equivalent to N127 in XlnA, does not participate in the citrate buffer, pH 6.0, at 60°C for 10 min. The reducing sugars binding of the xylopentaose and, therefore, was not assigned were measured using dinitrosalicylic acid (Miller et al., 1960) .
to any of the substrate subsites identified (Harris et al., 1994) . One international unit (IU) represents the amount of enzyme On the other hand, N126 (the equivalent of S.lividans N127) releasing 1 µmol/min of reducing sugars. For the determination of Cex of Cellulomonas fimi, also belonging to family 10, was of Michaelis-Menten constants, the initial velocity of the shown to interact directly, by hydrogen bonding, with the 2-enzymes was measured at 60°C in sodium citrate buffer, pH fluorodeoxy-β-cellobiose in the covalent catalytic intermediate 6.0, using concentrations of birchwood xylan ranging from analog generated from hydrolysis of 2Љ,4Љ-dinitrophenyl-2-0.25 to 15 mg/ml. fluoro-2-deoxy-β-cellobioside (White et al. 1996) . The interpK a evaluation action was identified between the Nδ2 atom of N126 and the fluorine F2 of the fluorocellobiose. The differences observed The initial velocity of hydrolysis was determined at 60°C using birchwood xylan as the substrate at saturating concentrabetween the two co-crystal structures involving the interaction in the binding of the substrate in its ground state, as shown by Harris et al. (1994) . The destabilization of the transition state can be described by two non-exclusive hypotheses. First, replacement of the Nδ2 atom may have abolished the hydrogen bond between N127 and OH-2 of the natural catalytic intermediate, an interaction shown by White et al. (1996) that resulted in a destabilization of the enzyme-intermediate complex. A contribution of 30-40 kJ/mol was attributed to the interactions between β-glycosyl hydrolases and OH-2 of the substrate (White et al., 1996) . Our results showed the involvement of the conserved Asn in the stabilization of the catalytic intermediate and support the suggestion that the major contribution comes from the interaction with Oε2 of the nucleophile (White et al., 1996) . Second, mutation N127D may have pI marker proteins; 2, XlnA; 3, XlnA-N127D.
perturbed the hydrogen bond network surrounding the two catalytic residues. This may have resulted in the weakening of interactions between the enzyme and the catalytic intermediate. of the XlnA, N127 is indeed interacting indirectly with E236 through a hydrogen bond network (Figure 3 ). N127 is hydrogen of the equivalent of N127 with the substrate can be explained bonded to N170, which in turn is bonded to E236. Since E236 by a structural change occurring upon binding of the substrate is in an ionized form, the hydrogen bond with N170 would in the catalytic site of the enzyme. In CelC from Clostridium be with the Nδ2 atom of N170. Furthermore, this atom is thermocellum (belonging to the superfamily 4/7), a similar hydrogen bonded with N127 and Q205 and the Oδ2 is hydrogen conformational change was observed in the region of the acid/ bonded with T235. Therefore, mutation of N127 to Asp could base catalyst E140 when binding to cellohexaose (Dominguez disturb this network and influence the stabilization of the et al., 1996) . oxocarbonium by E236 through a structural disturbance of the From the kinetic parameters obtained in the present study, local environment of the nucleophile. A similar structural role an increase in transition-state binding energy [∆(∆G)] of 12.1 has been suggested for the Asn residue of the endoglucanase kJ/mol was calculated for XlnA-N127D (Table I ). This value CelC from C.thermocellum, also belonging to the superfamily is consistent with the loss of one charged or three uncharged 4/7 (Navas and Béguin, 1992) . hydrogen bond(s) between the enzyme and substrate (Fersht The pH profile of XlnA-N127D was compared with the et al., 1985) . The fact that K M of the enzyme is not affected wild-type protein (Figure 4) . A difference in the optimum pH of 0.6 unit was observed, the mutation N127D having shifted by the mutation indicates that N127 is not directly involved effect on the pI caused by a single point mutation. Modifications of the pI and the pK a s of the enzyme show that the XlnA-N127D is not capable of maintaining the proper ionization state of the catalytic residues for catalysis. This may be reflected by the differences between the theoretical and the observed pI values for wild-type and N127D XlnA (∆pI wt ϭ 0.48; ∆pI N127D ϭ 0.14). In order to verify the electrostatic effects of the mutation N127D, a structural comparison between the mutant and the wild-type enzyme would be required.
These results are in agreement with the direct involvement of the superfamily 4/7 Asn in the stabilization of the transition state as shown by White et al. (1996) . Moreover, they are consistent with the complexed structure of P.fluorescens cellulosa XynA with xylopentaose, where this residue was not found to be involved in substrate binding (Harris et al., 1994) . Therefore, further structural studies would be required to identify the precise effects of the mutation N127D and to clarify in which way the two steps of the double displacement mechanism are affected. 
